A thermal analysis of a 5 kVA dry-type transformer under linear and non-linear loads conditions is studied in this paper. The main goal here is to calculate the hottest-spot transformer temperature under free convection through the resolution of the heat conduction equation in three dimensions (3D) using COMSOL Multiphysics ® . The proposed technique was validated through experimental data obtained in laboratory. The temperature inside the cores was measured under the influence of free convection. The radiation emission was also measured through a thermal camera. The heat transfer coefficient for both conditions was obtained from empirical correlations. The hottest-spot temperatures were determined from the analysis in the commercial software which was used for the numerical simulations of the transformer heating and cooling under some loading conditions. The temperature residuals, that is, the experimental temperature values subtracted by the numerical temperature values, were below 10%. The numerical analysis found that the hottest-spot temperatures in the core reached 20 • C above the transformer insulation limit. The location of the hottest-spot as well as the obtained temperatures can be used to improve more resistant dry-type transformers.
Introduction
Due to current technological developments, the quality of electrical energy distribution has become an important concern in many pieces of electrical equipment. In fact, the nature of the loads has changed over the years; electronic equipment has become more sensitive to fluctuations, thus requiring a higher quality energy supply [1] . A key component in an electrical transmission/distribution system is the transformer. As the majority of the transformers are used in non-linear operation conditions, they should be projected to transfer dynamic loads as effectively as possible. Likewise, the transformers should operate at the maximum capacity without reaching their thermal limit. This will obviously increase the cost-effectiveness of the transformer [2] .
There are mainly two types of transformers: The oil-filled type and the cast-resin dry-type, which is one of the commonly most used types of transformers. This one has an advantage over the oil-filled transformers mostly due to the flammability and moisture issues. However, the temperature increase in this device is related to the type of resin used [3] . The rise of temperature in the transformer is related to the internal losses. The higher the temperature reaches, the lower the transformer lifespan.
Methodology

Thermal Model
The FEM was used in the commercial software used in this work to work out the unsteady 3D heat conduction equation with internal generation and to learn how the temperature distributes in the core. Figure 1 presents a representation of the adopted conditions in the transformer core. The core is subjected to an internal heat generation . q, heat losses by convection and radiation and it is immersed in a medium with T ∞ temperature. To acquire the heat variation in the core, the 3D heat conduction equation with internal heat generation is divided in two geometries. In the first one, the iron core is modeled in Cartesian coordinates (gray region in Figure 1 ). The heat diffusion equation for constant thermal properties for this case is given by: 
where k is thermophysical conductivity, ρ is the density, cp is the specific heat, T is the temperature, t is the time, and x, y and z are the coordinates. In the second case, for the cylindrical region (copper windings in Figure 1 ), the three-dimensional heat diffusion equation was modeled in cylindrical coordinates with constant thermal properties. This equation is given by: where r and φ are the cylindrical coordinates.
Convection and radiation limit conditions were applied to external surfaces of the transformer core. Those boundary conditions are given by Equation (3).
in which η is the normal course, ε is the emissivity and σ is the Stefan-Boltzmann constant.
The initial condition of uniform temperature was also applied in t = 0 s. In this case, the initial temperature of the core was the same as room temperature.
Correlations for Free Convection
The average convective coefficient ( h ) of the iron silicon part was obtained from the empirical correlations from Barroso [18] . First, Barroso determined the Nusselt number NuL for the vertical plate (side of the iron silicon part) and then the NuU and Nul for the upper and lower horizontally positioned plate. The correlations for NuL, NuU and Nul are given by: To acquire the heat variation in the core, the 3D heat conduction equation with internal heat generation is divided in two geometries. In the first one, the iron core is modeled in Cartesian coordinates (gray region in Figure 1 ). The heat diffusion equation for constant thermal properties for this case is given by:
where k is thermophysical conductivity, ρ is the density, c p is the specific heat, T is the temperature, t is the time, and x, y and z are the coordinates. In the second case, for the cylindrical region (copper windings in Figure 1 ), the three-dimensional heat diffusion equation was modeled in cylindrical coordinates with constant thermal properties. This equation is given by:
where r and φ are the cylindrical coordinates. Convection and radiation limit conditions were applied to external surfaces of the transformer core. Those boundary conditions are given by Equation (3).
in which η is the normal course, ε is the emissivity and σ is the Stefan-Boltzmann constant. The initial condition of uniform temperature was also applied in t = 0 s. In this case, the initial temperature of the core was the same as room temperature.
The average convective coefficient (h) of the iron silicon part was obtained from the empirical correlations from Barroso [18] . First, Barroso determined the Nusselt number Nu L for the vertical plate (side of the iron silicon part) and then the Nu U and Nu l for the upper and lower horizontally positioned plate. The correlations for Nu L , Nu U and Nu l are given by: (6) where the Rayleigh number Ra, Prandtl number Pr, and Nusselt number Nu L are applied on the side of the iron silicon part, Nu U is applied on the upper surface, and Nu D is applied on the bottom side of the sample. On the winding modeling, the heat transfer coefficient was obtained from empirical correlations for a cylinder obtained in Rahimpour and Azizian [19] . The correlation is given by:
where Nu c is the Nusselt number for the winding side, and Gr is the Grashoff number. Equation (8) is used to obtain h:
where the thermal conductivity of the air is represented by k air , and the characteristic length of the side is represented by L c .
Numerical Solution
The thermal conductivity and thermal diffusivity values depend on the type of core materials, which are copper, Kraft paper, and iron silicon. Figure 2 presents details of the simulated assembly. Figure 2a presents the iron silicon part of the core. It is composed of a four-divided part where the windings are placed. Figure 2b presents details of the Kraft paper placed between each layer of the winding. 
where the Rayleigh number Ra, Prandtl number Pr, and Nusselt number NuL are applied on the side of the iron silicon part, NuU is applied on the upper surface, and NuD is applied on the bottom side of the sample.
On the winding modeling, the heat transfer coefficient was obtained from empirical correlations for a cylinder obtained in Rahimpour and Azizian [19] . The correlation is given by: 
where Nuc is the Nusselt number for the winding side, and Gr is the Grashoff number. Equation (8) is used to obtain h :
where the thermal conductivity of the air is represented by kair, and the characteristic length of the side is represented by Lc.
The thermal conductivity and thermal diffusivity values depend on the type of core materials, which are copper, Kraft paper, and iron silicon. As presented by Bergman et al. [20] , the thermal conductivity of copper and iron silicon may be considered constant in the temperature range. The Kraft paper has stable thermal conditions in the temperature range of 0 to 200 °C, as in Liao et al. [21] . Therefore, the thermal properties of the Kraft As presented by Bergman et al. [20] , the thermal conductivity of copper and iron silicon may be considered constant in the temperature range. The Kraft paper has stable thermal conditions in the temperature range of 0 to 200 • C, as in Liao et al. [21] . Therefore, the thermal properties of the Kraft paper may also be regarded as constant. From Bergman et al. [20] , the thermal conductivity was considered to be 400 W/mK for the copper, 0.089 W/mK for the Kraft paper and 45.0 W/mK for the iron silicon. The thermal diffusivity was considered to be 119.42 × 10 −6 m 2 /s for the copper, 0.07417 × 10 −6 m 2 /s for the Kraft paper and 17.58 × 10 −6 m 2 /s for the iron silicon. The simulation assumed a perfect contact between the assembly parts. Therefore, the thermal contact resistance was disregarded. The simulation also considered that the insulation losses, such as partial discharges, polarization and moisture, are negligible when compared to the core and winding losses. The mesh applied in the simulation has tetrahedral elements. This type of elements was chosen due to the better adaptability to the complex core geometry. Figure 3a shows a detailed view of the contact between the cooper winding and iron silicon part. Figure 3b presents the generated mesh with 1,764,912 elements.
paper may also be regarded as constant. From Bergman et al. [20] , the thermal conductivity was considered to be 400 W/mK for the copper, 0.089 W/mK for the Kraft paper and 45.0 W/mK for the iron silicon. The thermal diffusivity was considered to be 119.42 × 10 −6 m 2 /s for the copper, 0.07417 × 10 −6 m 2 /s for the Kraft paper and 17.58 × 10 −6 m 2 /s for the iron silicon. The simulation assumed a perfect contact between the assembly parts. Therefore, the thermal contact resistance was disregarded. The simulation also considered that the insulation losses, such as partial discharges, polarization and moisture, are negligible when compared to the core and winding losses.
The mesh applied in the simulation has tetrahedral elements. This type of elements was chosen due to the better adaptability to the complex core geometry. Figure 3a shows a detailed view of the contact between the cooper winding and iron silicon part. Figure 3b presents the generated mesh with 1,764,912 elements. The mesh size was chosen from a mesh refinement test. Table 1 presents the test refinement results. The average temperature on winding 2 was chosen as refinement parameter. As presented, due to the increase of simulation time, the mesh with 1,745,736 tetrahedral elements was chosen. Figure 4 presents the experimental bench used for the load test. The Agilent 34970A data acquisition system (Keysight Technologies Medicao Brasil LTDA, Barueri, São Paulo, Brazil) was connected to a computer. The three-phase dry-type transformer developed by Orteng has a nominal power of 5 kVA and standard NBR 10295. It is powered with 220 V. The transformer has a thermal class B, which means that the windings may achieve temperatures up to 130 °C without compromising the insulation lifespan. The mesh size was chosen from a mesh refinement test. Table 1 presents the test refinement results. The average temperature on winding 2 was chosen as refinement parameter. As presented, due to the increase of simulation time, the mesh with 1,745,736 tetrahedral elements was chosen. Figure 4 presents the experimental bench used for the load test. The Agilent 34970A data acquisition system (Keysight Technologies Medicao Brasil LTDA, Barueri, São Paulo, Brazil) was connected to a computer. The three-phase dry-type transformer developed by Orteng has a nominal power of 5 kVA and standard NBR 10295. It is powered with 220 V. The transformer has a thermal class B, which means that the windings may achieve temperatures up to 130 • C without compromising the insulation lifespan.
Experimental Procedure
Three experiments were performed for each condition in order to assure the repeatability of the results. Two conditions were tested, one with linear load and another with dynamic load. Each experiment lasted approximately 25 h. 1500 temperature points were collected in a time interval of 1 min. The transformer reached the steady state when it reached approximately 11.6 h of testing. 4 type J thermocouples were placed in the critical points of the transformer. The temperatures were collected using the Agilent 34970A data acquisition system. The thermocouple locations are presented in Figure 5 . Table 2 presents the thermocouple coordinate according to Figure 5 . Three experiments were performed for each condition in order to assure the repeatability of the results. Two conditions were tested, one with linear load and another with dynamic load. Each experiment lasted approximately 25 h. 1500 temperature points were collected in a time interval of 1 min. The transformer reached the steady state when it reached approximately 11.6 h of testing. 4 type J thermocouples were placed in the critical points of the transformer. The temperatures were collected using the Agilent 34970A data acquisition system. The thermocouple locations are presented in Figure 5 . Table 2 The room temperature was kept constant during the tests using air conditioning. The external temperature was maintained at 21 °C for all experimental conditions. The internal heat generation was 205,770.49 W/m 3 for the linear case and 457,801.93 W/m 3 for the dynamic case. The average convection heat transfer coefficients were 6.49 W/m 2 K for the linear load and 6.83 W/m 2 K for the dynamic load. The emissivity value of 0.9 was experimentally measured with a FLIR T450SC (FLIR Systems Brazil, Sorocaba, São Paulo, Brazil) according to the procedure described by Magalhães et al. [22] . Three experiments were performed for each condition in order to assure the repeatability of the results. Two conditions were tested, one with linear load and another with dynamic load. Each experiment lasted approximately 25 h. 1500 temperature points were collected in a time interval of 1 min. The transformer reached the steady state when it reached approximately 11.6 h of testing. 4 type J thermocouples were placed in the critical points of the transformer. The temperatures were collected using the Agilent 34970A data acquisition system. The thermocouple locations are presented in Figure 5 . Table 2 presents the thermocouple coordinate according to Figure 5 . The room temperature was kept constant during the tests using air conditioning. The external temperature was maintained at 21 °C for all experimental conditions. The internal heat generation was 205,770.49 W/m 3 for the linear case and 457,801.93 W/m 3 for the dynamic case. The average convection heat transfer coefficients were 6.49 W/m 2 K for the linear load and 6.83 W/m 2 K for the dynamic load. The emissivity value of 0.9 was experimentally measured with a FLIR T450SC (FLIR Systems Brazil, Sorocaba, São Paulo, Brazil) according to the procedure described by Magalhães et al. [22] . The room temperature was kept constant during the tests using air conditioning. The external temperature was maintained at 21 • C for all experimental conditions. The internal heat generation was 205,770.49 W/m 3 for the linear case and 457,801.93 W/m 3 for the dynamic case. The average convection heat transfer coefficients were 6.49 W/m 2 K for the linear load and 6.83 W/m 2 K for the dynamic load. The emissivity value of 0.9 was experimentally measured with a FLIR T450SC (FLIR Systems Brazil, Sorocaba, São Paulo, Brazil) according to the procedure described by Magalhães et al. [22] . Figure 6 presents the experimental temperature values obtained for the linear and dynamic load cases. For both cases, the hottest temperature measured was expressed by sensor T 2 . In the linear load condition, the maximum temperature of 112.5 • C was obtained in the end of the heating period, t = 712 min (Figure 6a ). Likewise, sensor T 2 achieved 134.2 • C in t = 573 min (Figure 6b ) for the dynamic Energies 2019, 12, 68 7 of 11 load condition. Indeed, it is expected that the central winding achieves the highest temperature. Due to the symmetrical assembly, windings 1 and 3 should also present similar behavior for the temperatures measured. As presented in Figure 6a ,b, sensors T 1 and T 4 exhibit similar temperature curves. Since the core does not have internal heat generation, the lower temperature curve, T 4 is obtained in it. Figure 6 presents the experimental temperature values obtained for the linear and dynamic load cases. For both cases, the hottest temperature measured was expressed by sensor T2. In the linear load condition, the maximum temperature of 112.5 °C was obtained in the end of the heating period, t = 712 min (Figure 6a) . Likewise, sensor T2 achieved 134.2 °C in t = 573 min (Figure 6b) for the dynamic load condition. Indeed, it is expected that the central winding achieves the highest temperature. Due to the symmetrical assembly, windings 1 and 3 should also present similar behavior for the temperatures measured. As presented in Figure 6a ,b, sensors T1 and T4 exhibit similar temperature curves. Since the core does not have internal heat generation, the lower temperature curve, T4 is obtained in it.
Result Analysis
The dynamic load induced higher temperatures in the transformer windings. Indeed, the average temperature values for the dynamic load were 20% higher than for the linear load. Figure 7 presents the thermal field for the linear load condition. As can be seen, higher temperatures are closer to the center of the windings. Due to the high losses in windings, the temperatures in the iron silicon are lower than in windings. The only cooling effect considered is due to the free convection. This condition presented a critical heating in the winding. It is worth noting that the transformer has a thermal class B, and for temperatures higher than 130 °C, there is a compromise of the insulation lifespan. The dynamic load induced higher temperatures in the transformer windings. Indeed, the average temperature values for the dynamic load were 20% higher than for the linear load. Figure 7 presents the thermal field for the linear load condition. As can be seen, higher temperatures are closer to the center of the windings. Due to the high losses in windings, the temperatures in the iron silicon are lower than in windings. The only cooling effect considered is due to the free convection. This condition presented a critical heating in the winding. It is worth noting that the transformer has a thermal class B, and for temperatures higher than 130 • C, there is a compromise of the insulation lifespan. Figure 6 presents the experimental temperature values obtained for the linear and dynamic load cases. For both cases, the hottest temperature measured was expressed by sensor T2. In the linear load condition, the maximum temperature of 112.5 °C was obtained in the end of the heating period, t = 712 min (Figure 6a) . Likewise, sensor T2 achieved 134.2 °C in t = 573 min (Figure 6b ) for the dynamic load condition. Indeed, it is expected that the central winding achieves the highest temperature. Due to the symmetrical assembly, windings 1 and 3 should also present similar behavior for the temperatures measured. As presented in Figure 6a ,b, sensors T1 and T4 exhibit similar temperature curves. Since the core does not have internal heat generation, the lower temperature curve, T4 is obtained in it.
The dynamic load induced higher temperatures in the transformer windings. Indeed, the average temperature values for the dynamic load were 20% higher than for the linear load. Figure 7 presents the thermal field for the linear load condition. As can be seen, higher temperatures are closer to the center of the windings. Due to the high losses in windings, the temperatures in the iron silicon are lower than in windings. The only cooling effect considered is due to the free convection. This condition presented a critical heating in the winding. It is worth noting that the transformer has a thermal class B, and for temperatures higher than 130 °C, there is a compromise of the insulation lifespan. Figure 8b for the dynamic load condition. Notice that the linear load case presented a better agreement between the simulated and experimental curves than the dynamic load case. The temperature difference presented in Figure 8b is mainly related to the non-linear characteristic of the dynamic case. In order to compare both results, Figure 9 presents the temperature residuals for both conditions. The temperature residuals are the experimental temperature values subtracted by the numerical temperature values. For the linear case (Figure 9a ), the maximum temperature difference was about 25 °C at the end of the heating period. On the other hand, the dynamic case had its maximum temperature difference at the beginning of the experiment (Figure 9b ). It's worth mentioning that the temperature obtained from sensor T2, in the simulation, reached a maximum of 134.78 °C while the detected hotspot temperature was 153.29 °C. The software was used to determine the hotspots for both simulated conditions. Table 3 presents the maximum temperatures achieved in the windings on simulation and their corresponding coordinate. The linear case presented a hotspot of 109.25 °C, which classifies the tested transformer as adequate to be used in this condition. As presented in Figure 8b , the dynamic case presented a higher temperature. For this case, the hotspot obtained in the simulation was 153.29 °C. The In order to compare both results, Figure 9 presents the temperature residuals for both conditions. The temperature residuals are the experimental temperature values subtracted by the numerical temperature values. For the linear case (Figure 9a ), the maximum temperature difference was about 25 • C at the end of the heating period. On the other hand, the dynamic case had its maximum temperature difference at the beginning of the experiment (Figure 9b ). It's worth mentioning that the temperature obtained from sensor T 2 , in the simulation, reached a maximum of 134.78 • C while the detected hotspot temperature was 153.29 • C. Figure 8a presents the results for the linear load condition, and Figure 8b for the dynamic load condition. Notice that the linear load case presented a better agreement between the simulated and experimental curves than the dynamic load case. The temperature difference presented in Figure 8b is mainly related to the non-linear characteristic of the dynamic case. In order to compare both results, Figure 9 presents the temperature residuals for both conditions. The temperature residuals are the experimental temperature values subtracted by the numerical temperature values. For the linear case (Figure 9a ), the maximum temperature difference was about 25 °C at the end of the heating period. On the other hand, the dynamic case had its maximum temperature difference at the beginning of the experiment (Figure 9b ). It's worth mentioning that the temperature obtained from sensor T2, in the simulation, reached a maximum of 134.78 °C while the detected hotspot temperature was 153.29 °C. The software was used to determine the hotspots for both simulated conditions. Table 3 presents the maximum temperatures achieved in the windings on simulation and their corresponding coordinate. The linear case presented a hotspot of 109.25 °C, which classifies the tested transformer as adequate to be used in this condition. As presented in Figure 8b , the dynamic case presented a higher temperature. For this case, the hotspot obtained in the simulation was 153.29 °C. The The software was used to determine the hotspots for both simulated conditions. Table 3 presents the maximum temperatures achieved in the windings on simulation and their corresponding coordinate. The linear case presented a hotspot of 109.25 • C, which classifies the tested transformer as adequate to be used in this condition. As presented in Figure 8b , the dynamic case presented a higher temperature. For this case, the hotspot obtained in the simulation was 153.29 • C. The transformer was projected to withstand temperatures in the order of 130 • C, which undermines its use for dynamic load. It is worth mentioning that a simple thermocouple experiment may not detect the hotspot and compromise the transformer lifespan. Therefore, a numerical analysis is important to detect the hotspot. Figure 10 presents the thermal distribution of the transformer core with the indication of the hotspot point. transformer was projected to withstand temperatures in the order of 130 °C, which undermines its use for dynamic load. It is worth mentioning that a simple thermocouple experiment may not detect the hotspot and compromise the transformer lifespan. Therefore, a numerical analysis is important to detect the hotspot. Figure 10 presents the thermal distribution of the transformer core with the indication of the hotspot point. From the analysis of Figure 10 , it may be inferred that highest temperatures occur closer to the upper surface in the middle phase of the windings. This indicates that to reduce the hottest-spot temperature a cooling system could be positioned in this area. This cooling system could induce a higher heat transfer convection coefficient, therefore reducing the temperature. Preliminary analysis of this configuration indicates there is a cost-benefit relationship between the cost to maintain the cooling system and the expected increase of transformer lifespan. Figure 11 presents the thermal field obtained through an infrared sensor for the linear case. It can be noted that the lower temperature is in the iron core, as predicted in the numerical simulation. It may be seen that the temperature, in the measured point in Figure 11c , reaches 108 °C. This temperature approaches the measured temperature when the experiment achieves the permanent condition (Figure 8a ). From the analysis of Figure 10 , it may be inferred that highest temperatures occur closer to the upper surface in the middle phase of the windings. This indicates that to reduce the hottest-spot temperature a cooling system could be positioned in this area. This cooling system could induce a higher heat transfer convection coefficient, therefore reducing the temperature. Preliminary analysis of this configuration indicates there is a cost-benefit relationship between the cost to maintain the cooling system and the expected increase of transformer lifespan. Figure 11 presents the thermal field obtained through an infrared sensor for the linear case. It can be noted that the lower temperature is in the iron core, as predicted in the numerical simulation. It may be seen that the temperature, in the measured point in Figure 11c , reaches 108 • C. This temperature approaches the measured temperature when the experiment achieves the permanent condition (Figure 8a ).
Energies 2018, 11, x FOR PEER REVIEW 9 of 11 transformer was projected to withstand temperatures in the order of 130 °C, which undermines its use for dynamic load. It is worth mentioning that a simple thermocouple experiment may not detect the hotspot and compromise the transformer lifespan. Therefore, a numerical analysis is important to detect the hotspot. Figure 10 presents the thermal distribution of the transformer core with the indication of the hotspot point. Figure 10 . Thermal field and hotspot location for the dynamic case.
From the analysis of Figure 10 , it may be inferred that highest temperatures occur closer to the upper surface in the middle phase of the windings. This indicates that to reduce the hottest-spot temperature a cooling system could be positioned in this area. This cooling system could induce a higher heat transfer convection coefficient, therefore reducing the temperature. Preliminary analysis of this configuration indicates there is a cost-benefit relationship between the cost to maintain the cooling system and the expected increase of transformer lifespan. Figure 11 presents the thermal field obtained through an infrared sensor for the linear case. It can be noted that the lower temperature is in the iron core, as predicted in the numerical simulation. It may be seen that the temperature, in the measured point in Figure 11c , reaches 108 °C. This temperature approaches the measured temperature when the experiment achieves the permanent condition (Figure 8a ). 
Conclusions
This work proposed a methodology for the hotspot determination of a 5 kVA dry-type transformer in linear and dynamic loads conditions. The proximity of the simulated and experimental temperature data validated the proposed methodology. The dynamic load case presented a higher temperature than the linear load case. The simulated transient analysis reveals that the measurement of single points of the transformers cannot detect the hotspot. The numerical analysis, however, made this identification possible. The coupling between numerical correlations for the heat transfer coefficient, emissivity radiation determination and the commercial software used in this work made this analysis possible. This study is designed to improve the convective coefficient in dry-type transformers through forced convection. 
